To date, little is known about the actual mechanical mechanism of spiraling. Roelofsen (6) had concluded from his "iron lung" experiments that spiral growth was an active process of cell wall synthesis and not merely a passive product of cell growth. Castle (1) pioneered the first experiments that studied the relationship between the elongational and rotational components of spiral growth. He placed a single marker on the growing zone and followed its displacement along both the vertical and horizontal axes. Castle concluded from his observations that rotation is directly coupled to elongation and that a constant ratio between rotational rate and elongational rate exists throughout the entire growing zone. Cohen and Delbruck (3) also investigated this relationship between rotation and
In 1931 Oort (4) reported that growing stage lVb Phycomyces sporangiophores spiral in a clockwise direction, when viewed from above. Later studies showed that all developmental stages that exhibit elongational growth also spiral.
Castle (2) discovered that although stages I and IVb spiral in a clockwise direction (i.e., a point on the cell wall surface moves along the longitudinal axis in the path of a left-handed helix), stage IVa spirals in the opposite direction (i.e., along the path of a right-handed helix). During the transition of spiral growth from right to left, stage IVa to stage IVb, no interruption of elongational growth occurs (2) . Also, the rate of spiraling (as measured in degrees per hour) is not constant during sporangiophore development. The sporangiophore spirals at a minimum rate of 30°/hr in stage I and reaches a maximum rate of 7600/hr in stage IVb (2) .
To date, little is known about the actual mechanical mechanism of spiraling. Roelofsen (6) had concluded from his "iron lung" experiments that spiral growth was an active process of cell wall synthesis and not merely a passive product of cell growth. Castle (1) pioneered the first experiments that studied the relationship between the elongational and rotational components of spiral growth. He placed a single marker on the growing zone and followed its displacement along both the vertical and horizontal axes. Castle concluded from his observations that rotation is directly coupled to elongation and that a constant ratio between rotational rate and elongational rate exists throughout the entire growing zone. Cohen elongation using a single marker on the growing zone. In contrast to Castle's conclusion, Cohen and Delbruck conclude that rotation and elongation are only loosely coupled, and that in the lower region of the growing zone rotation declines to zero faster than elongation; thus, they believe, rotation is negligible compared to elongation in this lower region.
However, the resolution of the technique of Cohen and Delbriick is relatively low: their rotational rate measurements are only accurate to 2.5°/min, whereas the over-all rate of rotation is about 120/min. It has been suggested by Ortega and Gamow (5) that the reorientation of asymmetrically oriented cell wall microfibrils accounts for spiral growth, and it seemed possible that measurements at higher resolution might bear more critically on this hypothesis. With this in mind, we have studied the problem with a refined apparatus.
Statement of Problem and Design of Optical System. In order to measure simultaneously the elongational and rotational displacement of a number of markers located on the growing zone of a sporangiophore, a unique optical system was designed. The problems that one encounters when attempting Consider now what happens when this planer mirror is revolved 3600 about the vertical line to generate a figure of revolution. The diagonal mirror will sweep out the surface of a cone while the horizontal image will sweep out a circular horizontal plane. When the mirrored cone is viewed from above, symmetric points on the vertical axis will now be seen as rings in the horizontal plane. The radius of the outer ring represents the length of the vertical line. Markers placed symmetrically along the vertical axis will appear as smaller inner rings where the diameter of the rings represents the distance of the markers from the bottom of the cone. Asymmetrically placed markers will form arcs instead of complete rings. Rotation of these arcs corresponds to the rotation of these asymmetrically placed markers about the vertical axis. Thus rotational and translational displacements of these arcs correspond directly to the horizontal and vertical displacements of the markers on the vertical line. Again as in the planer mirror the illuminating light source is directed from all sides into the cone.
Only the light reflected perpendicularly from the vertical line will enter the camera lens.
The Phycomyces sporangiophore differs in one important aspect from the simple vertical line so far assumed in that it is itself very nearly transparent. The result of this intrinsic transparency is that even asymmetrically placed markers on the sporangiophore form complete rings in the horizontal plane. If a marker has a reflecting surface, then a complete ring of light reflected from the marker's surface appears as part of the mirrored image. A particle that is light-absorbing will also form a ring, but it will represent the region of the sporangiophore where all the light is absorbed. In order to have an asymmetry, we have used markers in which one side is light-reflecting and the other side is light-absorbing. The result is that each ring is divided into two arcs that are on opposite sides of the sporangiophore but are readily distinguishable. This method also provides a natural control for sporangiophores that are not growing exactly along the vertical axis. An inclination towards one side will cause a decrease in arc length towards that side and an increase in arc length in the opposite side. By taking the average of the two arc lengths, we can subtract out any asymmetry caused by the sporangiophore not being directly in the optical axis. Figure 2 is in glass shell vials containing 4.0% potato dextrose agar with 1.0% yeast extract. All sporangiophores were grown, and all experiments were run at 22 C.
The conical mirror was carved from a square metal block 8.9 cm on a side and 2.5 cm thick. The angle of the cone as measured from the horizontal is 45°. The top opening of the cone is 6.35 cm and tapers down to a 1.27-cm hole at the base (Fig. 2) . The cone surface was nickel-plated and polished to make a smooth and highly reflective surface.
Small markers, each with a light-absorbing and a light-reflecting surface on opposite sides, were constructed from thin tin foil. To make an absorbing side, one complete side was colored black with a magic marker; the other side was left reflecting. The foil was then cut into small rectangular pieces approximately 40 to 70 ,Fm on a side.
To illuminate the sporangiophore within the conical mirror, two circular concentric fluorescent lamps, 20 and 30 cm in diameter, were used as light sources (Sylvania deluxe cool white FC8T9-CWX-RS and FC12T1OCWXRS). The lamps were mounted 7.5 cm above the conical mirror to form a plane perpendicular to the vertical axis of the cone (Fig. 2) .
To 
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clearly observe the larger outer ring representing the sporangium (Fig. 3) . The markers are then seen clearly as arcs within this ring. Photographs were taken at 2-min intervals for a period of 14 to 30 min. If bending occurred during the experiment (part of the outer ring would disappear from view), the experiment was terminated.
Extracting Data. The photographs were printed on 20 x 25 cm F 3 kodabromide paper. The magnification of the prints was about 8X. Measurements from the prints were made with a drafting divider, a fine scale, and a protractor. The elongational and rotational rate of each marker was determined from three consecutive prints, 2 min apart. These plotted rates represent an average rate over 4 min. The elongational rate was determined by measuring the rate at which the radius of the arcs increased (Fig. 3) . The rate at which the arcs rotate about the center of the conical mirror represents the rotational rate. To account for changes in arc length that may occur due to any slight bending from the vertical we determined the rate of rotation of the leading and trailing edge of both arcs (representing the same ring) and averaged these rates.
RESULTS
In Figure 4 the rotational rate and elongational rate for three different sporangiophores are plotted as a function of the distance of the marker below the base of the sporangium. In the upper region of the growing zone the rotational and elongational rates are roughly proportional to one another. In the lower region, however, this relationship changes: the elongational rate declines to zero faster than does the rotational rate. For all sporangiophores tested (in excess of 10 sporangiophores), we have always found that in the lower region of the growing zone the ratio of the rotational rate to the elongational rate is significantly increased. In fact as can be clearly seen in Figure 4 , in the very lower parts of the growing zone we observe rotation in a region where no measurable elongation occurs. Castle's (l) findings. The disagreement between Cohen and Delbriick (3) and Castle (1) can be simply explained, as we have already noted in the introduction, by the relatively low resolutions of the previously used techniques.
Our finding that rotation in the lower region of the growing zone exists in the absence of any measurable elongation suggested to us a very simple but elegant mechanism that appears to explain the left-handed spiraling of stages I and IVb. The details of this mechanism are schematically presented in Figure  5 . During steady-state long term growth there must occur de novo production of chitin fibrils. This may occur either by the addition of new fibrils or simply by an elongation of already present cell wall fibrils. In either case, the majority of the fibrils are assumed to be oriented in a right-handed sense with an angular displacement 4 as measured from the longitudinal axis of the sporangiophore (Fig. 5) . The longitudinal stretch that is caused by the internal turgor pressure will naturally displace these obliquely oriented fibrils toward the longitudinal of the cylinder represent the vertical displacement that each "level" of fibrils experiences after concomitant longitudinal stretch and fibril reorientation; the transverse or rotational displacement is represented by transverse arrows at each "level."
axis. This fibril reorientation can be represented by a displacement vector which has two components, a vertical and a horizontal component. The vertical component represents the contribution of the displaced fibrils to the longitudinal stretch part of the spiraling growth, while the horizontal component represents the contribution of the displaced fibrils to the twist part of the spiraling growth. Figure 6 illustrates how several "levels" of these reorienting fibrils can account for left-handed spiral growth. Clearly, the magnitude of the displacement vector and thus the magnitude of its two component vectors is a direct function of the angle of fibril reorientation 4. The degree that these fibrils will be reoriented will be simply determined by the lack of rigidity (plasticity) of the cell wall at any one position and its initial orientation. In the upper region of the growing zone where we know we have maximum plasticity, we would expect to find maximum rotation and elongation. In the lower region of the growing zone, we would expect to find less reorientation because the cell wall here is considerably more rigid (elastic). But most important is the fact that the fibrils in the lower region will be considerably more longitudinally oriented than the fibrils found in the upper region of the growing zone simply because they have already undergone reorientation when they were in the upper region. Using a purely geometric argument reorientation of those fibrils in the lower region will exhibit a larger horizontal-vertical component ratio as the angle of displacement approaches the longitudinal axis. Thus the fact that we find a dominant rotational component in the lower regions of the growth zone is strong evidence supporting the proposed mechanism. Since the fibrils are orientating from basically a right-handed spiral orientation towards the long axis, we would expect to obtain a clockwise rotation of the sporangium as observed from above and that particles placed on the cell wall will move along a left-handed spiral. Thus during active cell wall growth which occurs in stages I and IVb the spiraling phenomenon is simply a result of transversely laid down fibrils reorienting during turgor pressureinduced extension.
